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INTRODUCTION

Insuring the continued safe use of Navy piers and bridges requires a method of assessing
their structural condition in an efficient and timely manner. The method must be capable of not
only locating damaged or deteriorated areas, but also providing the necessary information to
deduce the load capacity of the structure.

The purpose of this study was to examine the Impact Load Method (ILM) as a means of
performing structural assessment on Navy piers and bridges. The basis for this method is the
assumption that a loss in effective cross section due to damage or deterioration can be correlated
to a reduction in the stiffness of the structure. This stiffness reduction is detected by applying
impact loads to the structure and comparing the displacement responses of identical, "ideal" spans
or comparing the test results to the results obtained from finite element analyses.

The specific objectives were to examine the behavior of structures subjected to impact
load tests and determine the sensitivity of the impact load method in detecting stiffness changes
in pier and bridge structures. Two structures were considered, each with a different type of
damage. The first was a one-third scale pier model. This model was used to examine the
sensitivity of detecting damage caused by overload in a reinforced concrete deck. The second
structure was a highway bridge at Naval Weapons Station (WPNSTA), Earle, New Jersey. This
structure was used to examine the sensitivity of the method for detecting damage or deterioration
in timber pile supports.

The nondestructive evaluation (NDE) approach using the ILM was as follows:

1. Perform ILM survey on all areas (damaged and undamaged) of each structure.

2. Compare the displacement responses of damaged and undamaged areas.

3. Use the results of the undamaged areas to calibrate a finite element model of each
structure.

4. Develop a rational method of representing the damage in the finite element model
based on section loss. Test the method with the experimental response of the
damaged areas.

5. Use the method of modeling damage to conduct a parameter study of the sensitivity
to stiffness changes in the structures.

6. Test the response of the damaged finite element model with the experimental (ILM)
response.



BACKGROUND

Structural Assessment

Methods of evaluating the integrity of reinforced concrete bridge and pier structures can
be grouped into three categories. These categories are visual inspection, destructive tests, and
nondestructive tests.

Visual inspections are limited to identifying problem areas based on observed cracking
and spalling of concrete, efflorescence, or the presence of rust stains (which suggest
reinforcement corrosion). Visual inspections are difficult because the damage may be internal
(e.g., delaminations and voids). The damage may also be concealed by an asphalt overlay on
the surface of a bridge or by water on the underside of a pier. Another disadvantage of visual
inspection is that it reflects the subjective judgment of the inspector and there is no correlation
between visual observations and the response or load capacity of the structure. Bridge testing
experience has shown that the structure always looks much worse than its capacity to perform.
Visual inspection guidelines are discussed in detail in References I and 2.

Destructive tests involve taking samples of concrete and reinforcing steel from the
structure for laboratory testing. The information obtained from destructive tests only addresses
localized material properties and may not be representative of the entire structure. Using the
material properties, a structural analysis must be performed with simplifying assumptions and
simplifications to assess the capacity of the structure. The sampling process can actually damage
the structure. Destructive methods of testing reinforced concrete are discussed in Reference 3.

Nondestructive tests can be subdivided into three groups: wave propagation tests, static
tests, and dynamic tests.

Acoustic impact, infrared thermography, ground penetrating radar, and impact-echo
methods are examples of nondestructive tests that involve wave propagation (Ref 4). These
methods are useful in detecting delamination by measuring how sonic, heat, radar, or stress-pulse
waves travel through concrete. The data from these types of tests can be complex and
considerable experience is required to interpret the data correctly to find structural anomalies.
In the case of radar techniques, research has focused on computer reduction of data but a
standard approach has not been established (Ref 5). Although localized delamination can be
detected, no information is obtained relating to the capacity of the structure. A structural
analysis must be performed to assess the service capacity of the structure.

Static tests involve applying static loads to selected points of the structure and measuring
deformations. By measuring the structural response to static loads, data are obtained that can
be extrapolated to determine the capacity of the structure. The main disadvantage of using this
method is the amount of time and labor involved in instrumenting the specimen and performing
the tests. Another disadvantage is the low sensitivity. Applied loads must be of sufficient
magnitude to produce a measurable response. This makes static testing of bridges and piers
onerous and drawn out.

Dynamic tests involve applying a dynamic load to the structure and recording the
responses at selected points. The load can be a transient type such as an impact load, or a forced
vibration such as that applied by a mechanical oscillator (Ref 6). The recorded responses are the
time histories of the accelerations, velocities, and displacements. From this, mode shape and
frequency parameters can be extracted. Systems that identify the structural mass, damping, and
stiffness can be developed.
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Much progress has been made in using dynamic load tests to evaluate the stiffness of
structures. To date, research has focused primarily on the frequency domain or modal response
data. Tests have shown that a structure changes frequencies in some of the response modes after
the structure experiences a localized loss of stiffness (Ref 7). Studies conducted at the Naval
Civil Engineering Laboratory (NCEL) have demonstrated the feasibility of this method in
locating deterioration and damage in pier and bridge deck structures (Ref 8). However,
acquiring test data requires a large number of sensors, an exorbitant number of tests, and is very
cumbersome and time consuming. As with the static analysis, low sensitivity is a major concern.

Data obtained from the static or dynamic tests are incorporated into a damage assessment
program known as parameter or system identification. This process combines analytical
techniques such as the finite element method with statistical theory in an attempt to determine
the location and extent of any damage (Refs 8, 9, and 10). This makes these methods difficult
to implement and precludes any on-site evaluation.

Impact Load Method

The ILM is based on measuring the deflection basin in the vicinity of a concentrated
impulse load created by a falling mass. It is closely related to the dynamic test methods
previously discussed. For a given homogeneous material with constant elastic parameters and
geometry, the deflected shape and magnitude of the basin is unique. Elastic moduli are
determined from classic plate equations governing the deformation shape beneath the applied
load. The deflections are inversely proportional to stiffness and dependent on functions
representing plate boundary conditions. Distressed, or soft, areas can be located and quantified
by comparing the measured deflected shape to that of the "ideal" shape.

Impact load tests have been used successfully in nondestructive testing of concrete
pavements (Refs 11, 12, and 13). Elastic layer theory is coupled to the deflection patterns and
used to determine the elastic modulus of each layer in the pavement system. This method of
testing is used extensively throughout the transportation industry. Standard portable testing
apparatus are available that can perform impact load tests in an efficient and timely manner.

Impact load tests were also used in a recent study (Ref 14) to evaluate shear transfer
across cracks and joints in concrete slabs on grade. Direct correlations were observed between
the internal interface conditions and the impact load response in laboratory models. The results
indicated that impact load tests can be used to assess interface shear capacity in concrete systems.

Obtaining the stiffness variations from plate equations becomes very tedious and difficult
except in the most simple boundary conditions. Deflections generated by the ILM are efficiently
coupled with the finite element method for determining stiffness distribution. Finite element
models of pier and bridge decks are generated from input data on geometry, material propcrtics,
and boundary conditions. The resulting mathematical model is a system of linear simultaneous
equations which are solved for unknown displacement variables. The influence of parameter
changes on the structural behavior can be easily assessed by systematic changes in elements of
matrices generated from the equations. Systematic changes are based on matching mathematical
model response to measurements within the bounds of mathematical accuracy and experimental
error. Coupled to experimental data, parameter (e.g., stiffness) identification, adjustment, and
optimization can be systematically accomplished within discrete, element size areas of the model
mesh. The proposed approach for structural assessment is to couple ILM to finite element
method (FEM) to identify loss of stiffness (softness) in pier and bridge decks that can be
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correlated to loss of effective areas in concrete and steel, loss of support, and other damage and
deterioration.

APPLICATION OF ILM

Apparatus

ILM tests were performed using the Falling Weight Deflectometer (FWD) shown in
Figures 1 and 2. The FWD is a computer-controlled trailer-mounted device that applies impact
loads to the surface of the deck and records load and displacement time histories. A system (not
including a tow vehicle) can be procured at a cost ranging from $I OOK to $120K. The loads are
generated by releasing a mass from a height and allowing it to drop onto an elastomeric spring
system. This produces a load pulse with a duration of 25 to 35 milliseconds (msec) (Ref 15).
The springs extend the load duration and generate a load pulse that approximates a half sine
wave. By adjusting the weight of the mass, the drop height, or both, the FWD can produce peak
loads ranging from 6.5 to 54 kips. The weight of the mass ranges from 440 to 1,540 pounds
and the drop height ranges from 1 to 16 inches. The load is uniformly distributed by a 12-inch-
diameter steel plate padded with 1 inch of an elastomeric material (Ref 16).

The displacements are obtained by measuring and integrating output from velocity gages
(geophones). This integration is performed by the FWD system processor. One of the
geophones is located at the center of the load plate and six to eight additional geophones are
attached to a support bar and can be located from 8 inches to 8 feet from the center of the load
plate. The loads are measured by a load cell located directly below the falling mass. The load
and displacement readings are digitized at 0.2-msec intervals over a 60-msec time period after
each drop.

The FWD system processor digitizes electrical analog signals from the transducers and
performs data reduction in real time. Peak load and displacement values are retrieved from the
time history records by a computer inside the tow vehicle and displayed immediately on a
monitor. Hard copies of peak values are printed out shortly after they are displayed on the
monitor. Time histories are stored on a floppy disk in a format that is compatible with
spreadsheet programs such as Lotus 1-2-3. The spreadsheet program provides further data
conditioning, calculation, and plotting.

Procedure

The test sequence is controlled by computer. The operator inputs the selected mass and
the drop heights to the operating software. The load plate is positioned directly over the test
point and lowered along with the displacement sensors to the surface of the deck. The actual test
sequence is preceded by a seating drop of 1 to 2 inches. This is to ensure that the sensors and
load plate are in good contact with the deck. After the seating load, the FWD hydraulically lifts
the mass to the programmed height and releases it. The system processor digitizes and records
either the peak values of the load and displacements or the entire load and displacement histories
as specified by the operator. After the measurements are recorded for the last drop, the load
plate assembly is hydraulically lifted off of the deck and positioned so that the trailer can be
moved freely. The FWD is then moved to the next test point and the procedure is repeated.
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Figure 1
Falling weight deflectometer and tow vehicle.
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Figure 2
Falling weight deflectometer system.
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Impact Load Characteristics

The following assumptions were made in examining the impact load generated by the
FWD:

"* The mass fell freely onto the springs and no friction existed between the mass and
the guide system.

"* The springs, steel plate, and elastomeric pad could be represented by a single
equivalent linear elastic spring with a constant stiffness.

"* The impact between the falling mass and the springs was a perfectly elastic collision
and the total kinetic energy of the mass an instant before impact was equal to the
total kinetic energy of the system after the collision.

"* Internal damping of the FWD apparatus could be neglected.

"* The mass of the springs, steel plate, and rubber pad could be neglected.

The FWD apparatus can then be represented by the discrete mass-spring model shown
in Figure 3. The mass is released and strikes the top of the spring at time to. As the spring
compresses, the structure begins to displace downward relieving the force in the spring.
Therefore, the force the FWD imparts is actually a function of the mass and stiffness of the
structure as well as the FWD mass and drop height. To examine this force, it is necessary to
consider the case in which impact load tests are performed on a nondeforming surface.

Assuming that point B in Figure 3 is fixed, the total downward displacement of point A
after time t = to is given by the following equation (Ref 15):

Vo Wm

y (t) = -V sin (t + M (1 - cos )t (1)
(a K

where y(t) = downward displacement at point A, inches

vo velocity of mass at t = to, in./sec

(a = natural frequency of oscillation of the FWD system, hertz

Wm = weight of the falling mass, kips

K = equivalent spring constant of the FWD system, kips/in.

t = time elapsed from impact, seconds

6



H
A

F(t) Keq

B

Figure 3
FWD single-degree-of-freedom mass-spring model.

The velocity of the mass at impact, v., is given by the following equation:

Vo = ý2vgH (2)

where g = acceleration due to gravity, in./sec2

H = drop height of mass, inches

The natural frequency of the FWD system, ci, is defined as:

K (3)

where M = falling mass, kip-sec2/in. Equation 1 can be written as follows:
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y = 1M1 sin Ot + Wm (1-cos wt) (4)
K] K

The second term in the equation represents the displacement at point A caused by the dead
weight of the mass. For drop heights ranging from 8 to 14 inches, this term accounts for less
than 3 percent of the total displacement. Therefore, it can be ignored and the equation for the
downward displacement at point A essentially becomes:

y(t) 2gHM 1I2 sin wt (4a)

The force the FWD imparts to the structure at point B is determined by the follow-'ig

relationship:

F(t) = K y(t)

Therefore, the equation for the load as a function of time is as follows:

F (t) = (2 g HMK)1/2 sin (t (5)

Equation 5 is valid for impact load tests on nondeformable structures for the range of time
in which the falling mass is in contact with the springs and the springs are in compression, that
is, 0 < t < 7r/0.

Equation 5 is useful for experimentally determining the equivalent stiffness of the test
apparatus. From Equation 5, the peak load occurs at time t = ir/2a and is given by the
following equation:

F ma = (2 g HMK) 1 2  (6)

The mass and the drop height are known and Fmax is measured by the load cell positioned
beneath the falling weight. The only unknown is the equivalent stiffness, K, of the FWD. By
selecting a test point that experiences very small displacements, such as over a bridge abutment,
the equivalent stiffness of the FWD apparatus can be determined.

Tests have shown that the equivalent stiffness, K, increases as the mass or drop height
increases. This increase can be attributed to the material nonlinearity of the elastomeric springs
and the geometric changes in the cross section of the springs as deformation occurs. Therefore,
if a constant equivalent stiffness is used, it must be determined experimentally for each mass and
drop height combination.
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NCEL MODEL PIER TESTS

Pier Description

The NCEL pier model, shown in Figure 4, was a five-span reinforced concrete deck with
pile cap supports at 6-foot intervals. The model was a one-third scale reproduction of a pier
deck and was reinforced as a one-way slab with two layers of reinforcing steel in both directions.
D5 deformed wire (equivalent to a No. 2 deformed, grade 60 bar) and No. 3 deformed, grade
60 bars were used with 4,000-psi (design compressive strength) concrete. The clear span of the
deck was 5 feet and the slab thickness was 5-3/8 inches. The pier model was built for a Naval
Facilities Engineering Command (NAVFAC) Engineering Investigation (EI) project to measure
load distribution and failure modes for crane outrigger pads (Ref 17).

Figure 5 shows a section view of a typical interior span. Transverse reinforcement
parallel to the supports remained constant throughout the deck except for the end spans. The
flexural reinforcement perpendicular to the supports varied depending on whether the design
moment for the given section was positive or negative. The cap beams were supported by the
2-foot-thick floor of the test building. Reference 17 contains a complete description of the
NCEL pier.

The concrete strength was determined from cylinder tests in accordance with ASTM
C469-87a (Ref 18). The cylinder strength was 7,500 psi for the spans under consideration. The
measured modulus of elasticity was 4,020 ksi.

Coupon tests of the reinforcing steel were conducted in accordance with ASTM E8-87
(Ref 19). The No. 2 bars had a yield strength of 81,000 psi and an ultimate strength of 85,000
psi. The No. 3 bars had a yield strength of 69,000 psi and an ultimate strength of 109,000 psi.

Prior to conducting the ILM tests, the center span was subjected to cyclic load (patch
load) and a single monotonic load which exceeded the ultimate capacity of the deck. Damage
(excessive deformation, large cracks, and deformed steel) was observed in the immediate area
of the load. Cracks formed concentric circles around the load point on the deck top and radiated
from the load point on the deck bottom. The mode of failure was punching shear. Figure 6
shows the location of the patch load and the extent of the visible damage. No damage existed
in the adjacent spans.

ILM Tests

Setup. Figure 7 shows the location of the three selected test points. Test point 1 was
on the undamaged span, test point 2 was at the corresponding location on the damaged span, and
test point 3 was on the damaged span closer to the boundary of the observed cracks. The
displacement sensors were positioned transversely along the midspan.

Based on calibration tests, NCEL selected a mass weighing 880 pounds with a maximum
drop height of 14 inches to produce a measurable deflection response well within the elastic limit
of the structure. Two drop heights (8.375 and 14 inches) were used to check linearity between
load and deflection while the weight of the falling mass (880 pounds) remained constant. Two
tests were performed for each drop height to check system repeatability. Only peak loads
measured by the load cell and maximum deflections measured at the seven sensor locations were
recorded.
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Figure 4
NCEL model pier.
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Figure 5 8

Section view of typical interior span.
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Test Results. Table 1 gives the results of the ILM tests. The maximum variation of
peak load measurements for any two identical tests occurred for the 8.375-inch drop height at
test point 1. The two recorded values (19.63 and 19.75) differed by 0.6 percent. The maximum
variation in deflection measurements occurred for the 8.375-inch drop height at test point 2.
Five of the sensors recorded values that varied by approximately 5 percent with the maximum
of 5.3 percent occurring at the sensor located 55 inches from the load. The FWD produced
consistent results for both applied loads and measured displacements.

Table 1
ILM Test Results For NCEL Pier

Test Drop Peak Maximum Deflection (mils) for Sensor Location (in.)
Pt. Height Load

(in.) (kips) 0 12 24 39 55 71

1 8.375 19.63 19.62 17.35 15.32 10.51 5.81 3.17 2.09
1 8.375 19.75 19.68 17.39 15.35 10.52 5.82 3.16 2.11

1 14.00 28.11 27.97 24.73 21.87 14.94 8.28 4.58 2.72
1 14.00 28.06 27.98 24.72 21.86 14.93 8.29 4.56 2.72

2 8.375 19.63 21.83 20.27 18.59 14.04 9.38 11.44 3.93
2 8.375 19.59 20.74 19.28 17.76 13.51 8.96 10.86 3.82

2 14.00 28.13 30.11 28.05 25.78 19.28 12.65 11.89 4.96
2 14.00 27.99 29.85 27.78 25.48 19.04 12.65 11.87 4.98

3 8.375 20.98 33.81 34.92 34.00 29.67 10.57 6.04 3.79
3 8.375 20.91 33.25 34.31 33.41 29.19 10.63 6.11 3.86

3 14.00 29.35 47.42 48.56 47.48 41.36 15.44 8.94 4.81
3 14.00 29.39 47.74 48.80 47.69 41.53 15.69 9.11 4.93

In Figures 8 through 12, each graph represents the average results of the two identical
tests. Figure 8 shows the peak deflection response at each sensor location for test point 1
(undamaged span) to both drop heights. The deflection graphs smoothly decay away from the
point of load with no abrupt changes in slope. The displacements for the 14-inch drop height
increased in proportion to the peak loads.

Figure 9 shows the test results for test point 2 (damaged span). The location of the
maximum damage and the extent of the visible damage are superimposed on the graph. The
figure shows that changes in the slope of both graphs occur near the boundary of the visible
damage (38 inches from the load point) and at the point of maximum damage (57 inches from
the load point). The figure also shows that the displacements at the point of damage did not
increase linearly with load. This suggests that either an error in the displacement measurements
occurred or the structure exhibited nonlinear behavior in the damaged area. NCEL suspects the
latter due to the extent of the damage.
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Figure 8
ILM results for test point no. 1 (undamaged span).
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Figure 9
ILM results for test point no. 2 (damaged span).
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Figure 10
ILM results for test point no. 3 (damaged span).
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Figure 1I
ILM results for damaged and undamaged span drop height = 8.375.
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Figure 12
ILM results for damaged and undamaged span drop height = 14.0.

Figure 10 shows the test results for test point 3 with the location of the damage
superimposed on the graph. The displacement directly beneath the load was approximately 1.7
times that of test point 1 and 1.6 times that of test point 2. Maximum displacement occurred
8 inches from the load (closer to the damage) instead of directly under the load.

Figures 11 and 12 compare the results of the undamaged and damaged span for the 8.375-
inch and 14.0-inch drop heights, respectively. Displacements were greater for the damaged span
and the difference is greatest at the point of maximum damage (57 inches from the load point).

Finite Element Analysis

Finite Element Pier Model. NCEL performed a dynamic, linear elastic finite element
analysis of the scale model pier using the ADINA finite element code (Refs 20 and 21). A linear
elastic analysis was considered adequate since the maximum measured displacements were less
than 1/100 of the deck thickness and the undamaged structure responded linearly in the tests.
The analysis was simplified by assuming the structural mass could be accurately represented by
a lumped mass matrix. The effects of damping were also neglected since damping usually has
little effect on the first peak displacement.

The dynamic equilibrium equations were solved in the ADINA program using the
Newmark method (Refs 21, 22, and 23). The Newmark method is a direct implicit integration
method in which the problem is divided into intervals of time and a step by step numerical
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Figure 13
Finite element mesh of NCEL model pier.

integration procedure is performed to solve for the displacements, velocities, and accelerations
at each time step.

Figure 13 shows the finite element mesh used in the analysis. The supports were modeled
using eight-node, three-dimensional isoparametric elements with 3 degrees of freedom per node.
The deck was modeled using four node shell elements with 5 degrees of freedom per node (Refs
20 and 22). Since negligible downward displacements were expected over the supports, the cap
beams were modeled using only one element in the vertical direction. The two end deck spans
were modeled using a coarse mesh with an element size of 12 inches by 24 inches. The center
span was discretized with a refined mesh that included a row of nodes along the center of the
span. The typical center span elements were 8 inches by 8.6 inches. The size of the elements
along the centerline of the span was 8 inches by 4.3 inches. The transition from the refined
mesh to the more coarse mesh was made by using three node shell elements. In addition to the
four deck nodes coinciding with the four nodes of a given support element, there are two interior
deck nodes that have no corresponding support node. This created the potential for a gap
between the deck elements and the support elements. This gap or overlap in the mesh was
eliminated by using nodal constraints. Each of the interior nodes was coupled to the adjacent
support node. This forced the interior node to undergo the same displacements and rotations as
the support node.

Figure 14 shows a section view of the finite element mesh. Since the vertical supports
rested continuously on the 2-foot-thick laboratory floor, which prevented downward movement
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of the supports, it was assumed that uplift and rotations of the support base could be neglected.
Therefore, the bottom nodes were fixed in all degrees of freedom.

Finite Element Model of Impact Load. As noted previously, the impact load function
is dependent on the stiffness of the structure. Therefore, Equation 5 cannot be used as the
forcing function in the finite element analysis. Instead, the FWD apparatus was modeled as a
mass-spring system. This enabled the model to couple the behavior of the FWD to the structure
and simulate a more accurate load.

Figure 15 shows the finite element model of the mass-spring concept. The dashed circle
shows the area covered by the FWD load plate. The mass of the FWD apparatus was modeled
using concentrated nodal masses as shown. Each mass in the figure represents one-sixth of the
total drop mass. Each mass node was restrained in all degrees of freedom, except the downward
displacement, and given an initial downward velocity determined by Equation 2.

The equivalent spring was represented in the finite element model by truss elements. A
truss element has a stiffness defined as follows:

KT=AE

where A = cross-sectional area of the truss member, in. 2

E = modulus of elasticity, ksi

L = member length, inches

The input to the finite element model was simplified by assigning A and L the value of unity so
that the stiffness of the truss was represented by a single parameter, E. This parameter was set
equal to the equivalent stiffness of the FWD or in this case, E = K/6.

The falling mass was attached to a guide system on the FWD that allowed it to fall freely
onto the springs and bounce until it came to rest. After each bounce, the mass actually lost
contact with the springs for a period of time. Studies have shown that even for extremely low
drop heights, this elapsed time exceeds 180 msec (Ref 24). Since the first peak load occurred
in less than 15 msec and the peak displacements occurred within the first 20 msec, the second
and subsequent loadings from bouncing were ignored in the finite element analysis just as they
were on the FWD. Also, the peak displacements occurred while the mass was still in contact
with the springs, therefore, no "gap" or nonlinear truss elements were needed in the analysis.
Execution of the analysis was halted before the compression force in the truss members reached
zero.

The total drop mass used in the impact load tests was 2.28 x l0-3 kip-sec2/in. (880
pounds). Each nodal mass represented one sixth of this or 0.38 x 10-3 kip-sec2 /in. The initial
downward velocities determined by Equation 2 were 80.45 in./sec for the 8.375-inch drop height
and 104.0 in./sec for the 14-inch drop height. The equivalent stiffness of the FWD was
determined experimentally for each of the drop heights. (A greater value was used for the 14-
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inch drop height to account for the nonlinearity of the elastomeric springs.) The total equivalent
stiffnesses were 26.3 kip/in. for the 8.375-inch drop height and 33.6 kip/in. for the 14-inch drop
height.

Undamaged Span Modeling and Results. The deflection of a reinforced concrete
structure is a function of not only boundary conditions, load, cross section, and material
properties but also the amount and extent of flexural cracking. Flexural cracking is dependent
upon not only the current load case but the entire load history of the structure. Even with a prior
knowledge of the load history of the laboratory structure, it is difficult to determine the effective
moment of inertia of the deck. At sections where small bending moments have been applied,
the concrete works in both tension and compression. Tensile cracks occur in the concrete at
sections of greater moment. These cracks widen and extend to the neutral axis as the moments
increase. The tensile stress in the steel between flexural cracks can vary by as much as 60
percent of that across a crack based on the extent of concrete cracking (Ref 25). This further
complicates the analysis procedure for predicting the actual deflections. In the case of the pier
deck, concrete tensile strength may be even more important since large portions of the deck
remain uncracked.

Using the results of the 14-inch drop height for the undamaged span, two models were
considered in the finite element analysis. The first model was an isotropic model based on the
assumption that the deck was uncracked. The second model was an orthotropic model based on
the assumption that the concrete on the tension side of the neutral axis was not effective in
resisting the bending forces (cracked).

The isotropic model was based on the gross concrete section ignoring the steel
reinforcement. This is a reasonably accurate way of modeling reinforced concrete decks since
the effects of the steel reinforcement and the concrete cracking tend to compensate for each other
(Ref 26). An elastic modulus of 4,000 ksi and a Poisson's ratio of 0.2 (cylinder test results)
were used in the isotropic material model.

The orthotropic model was based on the transformed section properties of the deck in the
two principal directions. The stress-strain relationship for the orthotropic material model is as
follows (Ref 21):

E, Exy 0 0 0 0 e).
O% 1 E.Y oY 0 0 0 o eyI

o., 0 0 0 0 00 e. (7)

TXY 0 0 0 GwY 0 0 y I
"T z- 0 0 0 0 Gt 0 y.

T Y.' 0 0 0 0 0 G .y~z.

where x and y represent the principal orthogonal directions and z represents the direction through
the thickness of the element.
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In order to use this model, the five material constants E,ý, Ev Exy, Gx . and Gt are
required. These values are based on the transformed section properties in each direction and are
defined as follows (Ref 27):

Ex = 12 E (8)
h 3  C[I(-l)I 1 +2I

EYY = 12 E-.~ [I, + (n- 1) I,Y. + ni] (9)

12 Ec
Ey-• 1--2I (nl •+ I•,] (9)

E -. 1  , (10)

Gt - Ec (12)
2(1+.)

where Ec = elastic modulus of concrete, ksi

g = Poisson's ratio of concrete

h = thickness of slab, inches

n = Es/Ec

Es = elastic modulus of steel, ksi

Icx, Icy = effective concrete moment of inertia about the neutral axis for sections x
and y, respectively.

1 9ISY C = moment of inertia of the compression steel about the neutral axis
for sections x and y, respectively.

Isxt Is yt = moment of inertia of the tension steel about the neutral axis for
sections x and y, respectively.

20



In determining the moment of inertia values required in Equations 8 through 12, the
elastic constants were calculated for each of the three sections (middle span, near support, and
over support) shown in Figure 5 using Ec equal to 4,000 ksi and A equal to 0.2. The values of
the elastic constants for each section are listed in Table 2 (see Figure 13 for x and y orientation).

Table 2
Elastic Constants for Initial Orthotropic Pier Model (ksi)

Section Exx _Y Exy Gxy Gt

A 1,300 199.1 762.4 398.3 1,679

B 1,103 156.3 558.6 312.5 1,679

C 1,300 260.0 1,300.0 520.0 1,679

For a given time step, the force imparted to the structure by the mass-spring model can
be determined by summing the compressive forces in the six truss members shown in Figure 15.
Figure 16 is a plot of this sum for both drop heights for the time period between 0 and 20 msec.
The peak load occurred at 14 msec for the 8.375-inch drop height and at 13 msec for the 14-inch
drop height. The maximum deflections of the deck occurred at 16 msec or less. Therefore, all
finite element runs were halted at 20 msec. The calculated loads were similar to the sine load
given in Equation 5. The peak load for the 8.375-inch drop height from Figure 16 was 19.9
'kips. The measured load for this drop height averaged 19.7 kips (Table 1). The peak load for
the 14-inch drop height was 28.3 kips and the measured load for this drop height averaged 28.1
kips. The finite element results were within 1 percent of the measured loads.

Figure 17 compares the deflections for the isotropic finite element model, the orthotropic
finite element model, and the impact load test for the 14-inch drop height. The measured
behavior was halfway between the isotropic and orthotropic models in the region directly beneath
the load. The orthotropic results were closer to the measured deflections in the region away
from the load.

Since the ILM results more closely matched the orthotropic model, it was used for the
remainder of the finite element analysis. This model was calibrated by increasing the moment
of inertia terms, E,,, E"" in Equations 8 and 9 until the finite element results best matched the
measured displacements. This increase was made uniformly throughout the deck in both
directions. Figures 18 and 19 compare the results of the calibrated orthotropic model with the
ILM results for the 8.375-inch and 14.0-inch drop heights, respectively, where moment of inertia
terms EXX and Eyy are increased by 47 percent over those of Table 2. The figures show close
agreement between the calculated and measured results. The averages of the measured
displacements directly beneath the load were 19.7 and 28.0 for the 8.375- and 14.0-inch drop
heights, respectively. The finite element results were 20.3 and 28.4. The finite element results
away from the load were even closer to the measured values.
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Finite element results of load for test point 1.
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Figure 17
Uncalibrated finite element results for test point 1, 14inch drop height.
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Figure 18
Finite element results for test point 1, 8.375-inch drop height.

MAXIMUM DEFLECTION (mils)
0

-5

-10

-15

-20

-25

-30 ,

0 10 20 30 40 50 60 70 80
DISTANCE FROM LOAD PT. (in)

-- IMPACT LOAD TESTS e ORTHOTROPIC FEM

Figure 19

Finite element results for test point 1, 14-inch drop height.
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Damaged Modeling and Results. The internal condition of the model pier deck in the
damaged area was unknown. However, based on the crack patterns, type of loading, and
observed shear failure, the following assumptions were made based on surface observations and
measured load-deflection characteristics (these assumptions are illustrated in Figure 20a):

"* Diagonal cracks wide enough to preclude aggregate interlock propagated from the
perimeter of the load through the thickness of the deck.

"* Extensive cracking occurred in the cone of concrete below the diagonal cracks.

"* Complete loss of bond between the concrete and the reinforcing steel occurred for the
bottom layer of reinforcement within the area of visible damage.

"* Flexural cracks occurred in the concrete above the diagonal cracks.

The damage above was represented in the finite element model by a reduction in the
effective moment of inertia of the deck (from that of the undamaged deck model). The portion
of the deck contributing to the stiffness was assumed to be similar to that shown in Figure 20b
in calculating this effective moment of inertia. The bottom layer of reinforcing steel and a large
portion of the concrete below the top layer of steel was ignored in computing the moment of
inertia of the damaged section. Figure 21 shows a plan view of the finite element mesh of the
damaged span. The dashed circle represents the approximate area of visible damage. The elastic
constants defined in Equations 8 through 11 were computed for the elements in the shaded area
based on the reduced section of Figure 20b. The elastic constant Gt defined by Equation 12 was
reduced by the ratio h3eff/h 3 where heff is the effective thickness of the slab shown in Figure 20b
and h is the actual slab thickness. This had the effect of smearing the equivalent stiffness over
the thickness of the original element. By modeling the damage in this way, the stiffness was
reduced (h3effth 3 = 0.67 percent of that of the undamaged section) while the thickness of the
deck along with its mass remained the same. The reduced stiffness was assumed to be constant
for the shaded elements in Figure 21.

Figure 22 compares the results of the initial, damaged finite element model of constant
damage with the measured test results for the 8.375-inch drop height of test point 2. The finite
element results did compare favorably for the region directly under the load but the displaced
shape suggested that a further refinement to the model was needed.

In the initial case, it was assumed that the zone in which the flexural cracks existed did
not contribute to the flexure and shear stiffness in the damaged area (see Figures 20a and 20b).
To refine the damaged model, it was assumed that aggregate interlocking enabled the deck to
transmit shear forces across these flexural cracks. Therefore, the concrete considered to be
effective in transmitting shear was assumed to vary linearly as shown in Figure 20c. This
changed the way in which the load was distributed in the slab. The values of Gt for each row
of elements were computed based on the average effective thickness across the element (varying
from full value to 0.1 percent of the undamaged section). The remaining elastic constants were
not changed from the initial damaged model.
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Figure 21
Plan view - finite element mesh of damaged span.
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Figure 22
Finite element results of constant damage model test point 2, 8.375-inch drop height.

26



Figure 23 compares the results of the more refined finite element model for the damaged
span with the ILM test results. The finite element results of the undamaged span are also shown.
This model agreed much closer with the test results. Not only did the calculated deflections
match the measured values under the load, but the characteristic change in slope at the damaged
area matched as well. Because of its close agreement, the refined model was used to represent
the damaged span for sensitivity studies.

Damaged Finite Element Model Results. The finite element model of the FWD on the
damage span model matched the measured loads for test point 2. The maximum loads
determined by the finite element model were 19.9 and 28.3 kips for the 8.375- and 14.0-inch
drop heights, respectively. The measured values were 19.6 and 28.6. The calculated loads for
test point 3 were not as close to the measured results. The finite element model yielded loads
of 19.7 and 28.0 for the 8.375- and 14.0-inch drop height, respectively. The measured values
were 21.0 and 29.4.

Figure 24 compares the results of the ILM tests and the finite element analysis for the 14-
inch drop height at test point 2. For reference, the finite element results of the undamaged span
are also shown. Close agreement existed between the calculated values and the measured results
for the region directly beneath the load. However, unlike the 8.375-inch drop height, the finite
element model did not accurately model the region close to the damage.

Figures 25 and 26 compare the results of the ILM tests and the finite element analysis at
test point 3 for the 8.375-inch and 14.0-inch drop heights, respectively. The calculated values
for the displacements differed slightly from the measured results; however, the overall shape of
the plots compared favorably.

Damage Sensitivity Analysis of the Deck

The method of modeling the damaged areas discussed in the previous section was used
to conduct a damage sensitivity analysis of the deck. The two parameters investigated were the
size of the damaged area and the distance from the impact load point to the center of the damage.
The parameters within the damaged area were not changed from those of the more refined model
described in the previous section. Figure 27 shows a plan view of the center span finite element
mesh. The load point (point A) was located at the center of the span, and the center of the
damaged elements (point B) was located a distance, x, from the load point. Four damaged areas
corresponding to 23, 12, 4.3, and 0.5 ft2 on the actual structure were considered. Each damaged
area was rectangular as shown in the figure. The load point was at the center location for all
cases and the values used for x were 0, 40, and 80 inches. Each of the nodal masses in the
FWD model were given an initial velocity corresponding to the 14-inch drop height.

Table 3 contains the results of the sensitivity analysis. Maximum displacements were
calculated at the load point (point A) and at the center of the damage (point B) for each of the
damaged area and distance combinations. The ratio of the displacements for the damaged to
undamaged results for points A and B are also given in the table.
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Figure 23
Finite element results for test point 2, 8.375-inch drop height.
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Figure 24
Finite element results for test point 2, 14-inch drop height.
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Figure 25
Finite element results for test point 3, 8.375-inch drop height.
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Figure 26
Finite element results for test point 3, 14-inch drop height.
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Plan view - finite element mesh of center span showing sensitivity parameters.

Table 3
Results of Deck Sensitivity Analysis

Damaged Span Ratio of
Damaged x Displacements Displacements

Area (in.) (mils) Damaged/Undamaged
(t 2 ) Pt. A Pt. B Pt. A Pt. B

23 0 220 220 7.8 7.8
23 40 37 32 1.3 4.1
23 80 28 10 1.0 3.4

12 0 110 110 4.0 4.0
12 40 29 15 1.1 1.9
12 80 28 5.1 1.0 1.7

4.3 0 85 85 3.1 3.1
4.3 40 28 11 1.0 1.4
4.3 80 28 3.8 1.0 1.3

0.5 0 31 31 1.1 1.1
0.5 40 29 8.3 1.0 1.1
0.5 80 28 3.1 1.0 1.0
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An increase in displacement occurred at point A in all cases where the load point was
located directly over the damage (x = 0). As x increased, the displacements at point A
approached those of the undamaged span. The damaged area had no influence on the
displacement under the load in the cases where x was equal to 80 inches. An increase in
displacements at point B was observed in all cases except where the area was 0.5 ft2 and x was
equal to 80 inches. Figure 28 shows how the ratio of the damaged to undamaged displacements
at point B changes as the distance, x, increases.

Although the finite element results showed that displacements for the damaged span were
greater than those of the undamaged span, there were resolution problems in cases where the
displacements were small. For example, the displacement in the undamaged span was
approximately 3 mils at 80 inches from the load point. In the case where the damaged area was
4.3 ft2, the displacement increased by a factor of 1.3 to 3.8 mils. The ability of the FWD
measuring system to accurately resolve such small displacements is questionable. However, the
finite element results did indicate that small to moderately sized damaged areas can be detected
provided the impact load points are positioned near enough to the damaged area.

RATIO OF DISP. AT POINT B (DAMAGED/UNDAMAGED)
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Figure 28
Ratio of damaged to undamaged finite element results at center of damage (point B).
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HIGHWAY BRIDGE TESTS

Description

The highway bridge, HB-4, is located over the Swimming River at Naval Weapons
Station (WPNSTA), Earle, New Jersey. The bridge is part of the Normandy Road system used
to transport weapons and munitions from storage magazines to pierside. HB-4 was built in 1944
and has been used extensively in support of Atlantic Fleet operations (Ref 28). WPNSTA Earle
provided logistic support and technical review of the tests in return for load assessment of the
bridge.

Geometry. HB-4 is 432 feet long with a roadway width of 20 feet (Figures 29 and 30).
The structure consists of a 12-inch-thick concrete deck reinforced with No. 7 bars and supported
by timber pile bents spaced at 12 feet. The deck has an asphalt overlay of 1 to 3 inches and is
continuous over the pile bents except for four expansion joints located 96 feet apart. Beams
approximately 4 feet deep and 1.5 feet wide at the base and tapering to 0.5 foot at the top are
located on each side of the deck. These beams, which were cast monolithically with the deck,
serve as guard rails and contribute to the flexural stiffness of the superstructure.

The structure has 37 pile bents designated alphabetically from A at the north end to KK
at the south end. A typical pile bent consists of a 12-inch by 12-inch timber cap supported by
four, 12-inch-diameter timber piles with cross bracing in both directions. The two interior piles
are vertical and the two exterior piles are battered 1.5 to 12.

Condition. A general inspection of HB-4 in 1990 revealed external rot and scouring of
several piles, damaged and missing secondary members, and chemical attack on bolted
connections (Ref 28). Concrete cracking and spalling were observed in the deck, particularly
in the vicinity of the expansion joints. Gaps as large as 1 inch were observed between the pile
and the pilecap at four different locations.

During early 1991, before the ILM tests were conducted, maintenance was performed on
the bridge to correct some of the deficiencies. The expansion joints were rebuilt, dips in the
roadway were leveled with asphalt, and the gaps between the pilecaps and the piles were
shimmed.

ILM Tests

Setup. NCEL performed ILM tests on a 192-foot section of the bridge from pile bent
F to pile bent V inclusively. The entire test series required less than one-half day. The load
points were located near the center line and the displacement sensors were oriented perpendicular
to the flow of traffic. The load points had to be offset from the center line 1 foot so that the
FWD trailer could clear the bridge side beams (guard rails). Figure 31 shows the location of
the load point and the orientation of the sensors for a typical pile bent and midspan test. Tests
were performed at each pile bent and at the middle of each span. Two passes were made in order
to record the response of both the east and west sides. The load points were shifted at the
expansion joints located at pile bents F, N, and V to either side of the joint to avoid spanning
the joint opening. The test points were located 6 inches (one-half of the diameter of the load
plate) south on pile bent F and 6 inches north on pile bent V. Pile bent N was tested on each
side of the expansion joint.
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Figure 29
Plan and elevation views of HB3-4.
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Section view of H13-4.
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Figure 31
Plan view showing test point locations and sensor locations.

Three tests were performed at each test point using a constant mass drop combination of
1,540 pounds falling 15.25 inches. The goal was to produce peak loads of approximately 50
kips. The FWD system processor was programmed to record the entire load and displacement
histories of the three tests. The history files were recorded using ASCII format on 3-1/2-inch
floppy diskettes. In addition, a hard copy of the peak loads and maximum displacements was
printed as the tests were being conducted.

Results. The three tests performed at each test point produced essentially equivalent
results for both loads and displacements. To simplify the following discussion, the results of a
single test were used for each test point.

The peak loads and maximum displacements for each test point are given in Tables 4
through 7. The peak loads ranged from 47.76 kips at span U-V - West to 51.86 kips at pilecap
R - East. The average peak load for both sides was 50 kips, and the variation was due to the
relative stiffness of the bridge at the load point.

Figure 32 shows the load histories for a typical pile bent and midspan test. The load
resembled a half sine wave with a duration of approximately 35 msec. A dip in the load curve
was observed at approximately 12 msec for all test points. This can be attributed to the multi-
degree-of-freedom nature on the FWD apparatus coupled to the bridge structure.
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Table 4
ILM Test Results - Pile Bent - East Side

Peak Maximum Deflection (mils) for Sensor Location (in.)Test La

Pt. (kips) 0 12 24 36 48 72 96

F2 49.68 61.01 52.54 48.74 44.45 39.96 30.37 22.52

G 50.61 46.48 38.73 35.69 33.20 30.18 22.63 15.31

H 49.85 54.08 43.09 39.77 36.34 32.56 23.94 16.15

I 50.32 53.91 45.74 43.44 40.61 37.31 28.65 19.99

J 50.61 44.98 40.75 39.05 35.91 30.64 23.96 17.06

K 50.79 45.26 43.83 40.49 37.38 34.25 26.18 18.07

L 50.12 49.48 45.86 43.52 40.84 37.58 28.96 20.47

M 51.15 45.17 42.51 39.71 36.86 33.69 26.03 18.32

Ni 49.97 57.30 54.91 50.40 46.04 41.07 30.90 21.68

N2 50.11 55.29 55.04 51.79 47.91 43.98 34.13 23.95

0 52.00 43.88 42.28 40.34 38.20 35.24 27.31 19.38

P 51.68 42.72 37.43 34.93 32.31 29.47 22.18 15.66

Q 51.85 42.28 40.13 38.50 36.67 34.18 27.15 19.73

R 51.86 37.95 35.54 32.93 31.95 29.51 23.45 13.84

S 50.46 51.86 48.92 45.72 43.21 39.80 31.72 23.25

T 51.18 42.01 39.94 37.46 35.89 33.29 26.19 18.73

U 51.30 46.43 45.51 42.83 40.72 37.94 30.43 21.95

VI 49.74 54.02 52.31 47.80 44.33 40.24 30.53 21.49
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Table 5
ILM Test Results - Pile Bent - West Side

Test Peak Maximum Deflection (mils) for Sensor Location (in.)
Load

Pt. (kips) 0 12 24 36 48 72 96

F2 50.49 56.07 53.30 49.51 44.79 40.19 30.60 22.35

G 50.27 44.08 38.39 35.85 33.43 30.61 23.36 16.09

H 49.71 53.99 41.69 38.99 36.17 33.12 25.03 17.91

1 50.11 53.23 46.05 43.06 39.37 35.77 26.92 18.71

J 49.91 43.40 40.96 38.49 35.43 32.83 25.41 17.80

K 49.35 45.08 42.73 40.43 38.28 36.00 28.39 19.97

L 49.14 53.48 47.31 .65 40.25 36.94 28.61 19.81

M 49.70 44.88 43.25 40.75 38.30 35.13 26.82 18.29

NI 48.67 55.04 53.80 49.10 44.32 39.74 29.86 20.21

N2 49.41 57.29 56.16 52.33 47.94 43.10 32.21 21.68

0 48.91 53.32 42.92 39.93 37.02 34.13 26.07 17.91

P 49.10 43.56 37.59 34.97 32.07 29.28 22.16 15.73

Q 48.83 45.59 42.02 38.93 35.53 32.69 24.28 16.20

R 50.99 40.81 36.71 34.03 31.39 28.41 21.26 14.49

S 50.83 48.57 48.43 46.65 44.25 41.01 31.84 22.60

T 49.57 44.45 40.69 37.71 35.08 32.34 25.00 17.34

U 48.45 63.63 46.20 42.15 38.59 34.96 26.18 18.36

VI 48.92 55.33 51.58 47.52 43.48 39.26 29.44 20.33
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Table 6
ILM Test Results - Midspan - East Side

Test Peak Maximum Deflection (mils) for Sensor Location (in.)
Pt. Load 0 12 24 36 48 72 96

_ _ _ (kips) 0 _ _ _ ___ _ _

F-G 51.18 54.10 50.69 48.00 44.85 40.82 31.34 21.90

G-H 49.71 65.24 52.91 48.89 44.56 40.21 29.37 19.57

H-I 49.59 64.81 56.39 53.24 49.79 45.11 33.52 22.55

I-J 50.63 61.54 53.61 50.61 46.88 43.04 32.76 22.49

J-K 51.50 57.52 51.78 48.67 45.34 41.64 31.83 22.25

K-L 49.78 63.73 58.74 55.21 51.05 46.73 35.28 24.11

L-M 50.81 60.04 55.11 51.83 48.36 44.32 33.85 23.63

M-N 50.38 60.81 57.06 53.99 50.10 45.71 34.39 23.74

N-O 50.82 55.22 57.12 53.48 50.24 46.26 36.11 24.83

O-P 50.61 58.04 49.40 47.06 43.68 40.39 30.89 21.21

P-Q 51.61 42.06 40.35 38.48 36.58 34.19 27.10 19.74

Q-R 50.88 49.49 47.07 44.97 42.48 39.44 30.94 22.16

R-S 50.45 49.17 46.22 43.95 41.96 39.22 30.70 22.03

S-T 50.20 52.35 48.54 45.43 43.18 39.94 31.22 22.37

T-U 51.47 53.34 54.72 47.99 46.52 42.98 32.65 23.34

U-V 49.80 55.43 56.18 53.04 49.64 45.54 34.58 23.70
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Table 7
ILM Test Results - Midspan - West Side

Peak Maximum Deflection (mils) for Sensor Location (in.)

Test Load

(kips) 0 12 24 36 48 72 96

F-G 50.68 54.61 50.25 47.47 44.70 41.33 31.89 22.37

G-H 49.86 55.86 51.22 48.46 45.09 41.43 31.16 21.45

H-I 49.16 66.12 56.44 52.97 48.98 44.01 33.02 21.91

I-J 49.49 57.39 53.18 50.48 47.29 43.54 33.20 22.68

J-K 49.65 53.96 50.72 48.49 46.00 42.78 32.85 22.42

K-L 49.43 63.30 56.68 54.49 51.91 48.65 38.74 27.57

L-M 48.27 61.96 54.28 51.69 48.36 44.29 33.88 23.48

M-N 48.74 63.76 58.23 54.48 50.04 45.35 33.98 22.95

N-0 49.08 58.52 56.93 52.13 47.77 43.16 32.05 19.74

O-P 48.57 57.89 48.84 45.84 43.04 39.12 30.39 21.26

P-Q 49.50 66.26 57.30 53.24 49.01 44.39 33.08 22.10

Q-R 48.53 55.03 47.81 44.87 41.78 37.93 28.72 19.54

R-S 50.90 50.00 47.59 44.87 42.09 38.44 29.33 20.08

S-T 50.17 50.96 48.32 46.31 43.80 40.47 31.45 22.47

T-U 47.95 67.23 53.85 49.78 45.50 41.22 30.59 21.21

U-V 47.76 79.10 58.46 53.80 49.02 44.34 32.69 21.67
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Figure 32
ILM load histories for typical pile bent and midspan tests.

Figures 33 and 34 show displacement histories of each of the seven sensors for a typical
pile bent and midspan test. By integrating velocities to obtain displacements, the fluctuations
typically observed in experimental data are eliminated. Therefore, each graph shows a set of
smooth sinusoids. The maximum displacements occurred at 20 to 25 msec for each of the tests.
The load reached zero at about 35 msec and the structure underwent a free vibration phase where
the maximum upward displacements were usually less than one-third of the downward
displacements.

The results of individual tests were examined following a similar approach used on the
pier model. The maximum deflections at each sensor were used to define a characteristic
deflected shape of the bridge deck for each test point. These deflected shapes were then plotted
and used to determine the correlation between ILM results and visual inspections.

The visual inspection found pile bents P and G to be in excellent condition and the best
condition for HB-4. This was reflected in the ILM results where displacement patterns were
distributed similar to classic plate response. Figure 35 shows the deflection basin plots
(maximum sensor response) for these two locations. Pile bents P and G were among those that
experienced the smallest displacements. The maximum deflections occurring at the load point
were in the 40- to 50-mil range. The deflection basins have a constant slope except for the area
directly under the load. This excess deflection under the load is attributed to compressing the
asphalt pavement to magnify the displacement measurements at the load point. There was no
asphalt effect on the sensor measurements away from the load point. The asphalt in this area
simply moved with the surface of the concrete deck without deforming.
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Figure 33
Displacement history for typical pile bent test.
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Figure 34
Displacement history for typical midspan test.
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Figure 35
ILM results for pile bents P and G.

Both pile bents L and U had damage or deterioration on the east interior pile that resulted
in a loss in the effective cross section of the member. Figure 36 compares the ILM results of
these two pile bents with the results of pile bent P-West. The deflected shapes of the damaged
bents were similar to P-West but the overall displacements increased by approximately 25
percent.

The visual inspection of spans RS and QR revealed no excess damage or deterioration and
were the best condition for HB-4. This was reflected in the ILM results where displacements
for spans RS and QR were among the smallest. Figure 37 shows the maximum deflection plots
for these two spans. The maximum displacements occurring under the load were in the 50- to
60-mil range. The overall displacements of the midspan tests were approximately 28 percent
greater than those at the pile bents reflecting the stiffness of the timber pile supports.

Figure 38 shows the influence of the damaged pile (pile bent L and U) on the midspan
tests. The results of spans LM and TU are compared with RS-West from Figure 37. The
displacements at spans LM and TU averaged 15 percent greater than the baseline results of RS-
West. The ILM results indicated no major stiffness changes in the deck due to material damage
of the deck. However, significant changes were detected due to rotted piles which provided no
support to the bridge superstructure.

41



0MAXI U e L CIoV

410

-sGo

860

-70

0 10

SASELDISTA 
NC I.. SO

IL4resut F'~gure 36M A 
S its o r P ile b e n ts L .a n d uj.

0 10 
2 

0 4 

0 8

DI T NC505

-'RO LoD P7. 70i alRSsEAS-r 90 10

ILM results F' u e 37QR-EAST
for sPajns QR and RS.

42/



MAXIMUM DEFLECTIONS (mils)
0

-10

-20 1

-30-

-40-

-501

-60"

-70 "i A I
0 10 20 30 40 50 60 70 80 90 100

DISTANCE FROM LOAD PT. (in)

-s-- BASELINE RS-WEST"-•- LM-WEST - LM-EAST

STU-WEST I TU-EAST

Figure 38
LM results for spans LM and TU.

Finite Element Analysis

A dynamic, linear, elastic finite element analysis was performed on HB-4 following the
same methodology as that used on the model pier.

The bridge is divided into five sections which are separated by expansion joints in the
deck. Each of these sections has eight spans. The finite element analysis was simplified by
considering each eight-span section as an independent structure. Figure 39 shows the finite
element mesh used in the analysis. By using symmetry, only four of the spans needed to be
included in the model. Many Navy piers can be modeled in simplified fashion by making use
of symmetry.

The deck was modeled using the same four node shell elements used on the model pier.
These deck elements were 12 inches by 16 inches. The concrete guard rail beams were modeled
using 12-inch-long beam elements. Since the centroid of the beams was not in the plane of the
deck, the rigid link feature in the ADINA program was used to connect the beam nodes to the
plate deck nodes (Ref 21). The piles were modeled using beam elements and the cross-bracing
members were modeled using truss elements.

No core of coupon tests were performed to determine the material properties of the
concrete and timber. Core tests on neighboring bridges yielded concrete strengths varying from
4,000 psi to 7,000 psi. Initial models used concrete strengths of 4,000 psi. The finite element
model material properties were refined and calibrated by running a series of cases adjusting
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Finite element mesh of HB-4.

initial values for the elastic constants until the deflection responses corresponded with those of
the experimental results for undamaged sections.

The orthotropic elements were used to model the deck. The orthotropic model was based
on the transformed section properties in the two principle directions. Since the reinforcement
in the top and bottom layers was the same throughout the structure, only one set of elastic
constants was required. The undamaged material values for these constants determined from the
calibration results are given in Table 8 (see Figure 39 for x and y orientation). The properties
of the concrete side beams were based on the gross concrete section using an elastic modulus of
4,770 ksi. The properties of the timber piles and cross bracing were based on the nominal size
of the member using an elastic modulus of 1,350 ksi.

Table 8
Elastic Constants for Orthotropic Model of HB-4 (ksi)

I EY E G,
1,656 666 6,710 1,333 1,988
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It is difficult to model pile-supported structures of this type because of the soil-pile
interface. The length of piles supporting HB-4 was not known. It was assumed that a point on
the pile 10 feet below the bottom cross bracing experienced negligible displacements and
rotations. Thus, the piles of the finite element model were fixed in all degrees of freedom at this
point.

Both symmetric and antisymmetric load cases were analyzed by changing the boundary
conditions along the plane of symmetry for each case (Ref 29). For the symmetric case (loads
along the center pile bent of the eight-span section), the y translations and x and z rotations were
restrained along the center pile bent (see Figure 39). For the antisymmetric case, the x and z
rotations and the y translations were restrained along the center pile bent.

F'inte Element Model of Impact Load. The FWD was modeled using the method used
on the pier model except only one truss member was used instead of six as shown in Figure 15.
This was because the load plate covered a smaller area with respect to the deck element size.
The total drop mass used was 3.98 x 10-3 kip-sec2/in. (1,540 pounds). The equivalent stiffness
determined experimentally for the 15.25-inch drop height and 1,540-pound combination was 60.0
kips/in.

When a symmetric load is applied to a symmetric model it is reduced by one-half and the
displacements at each time step are equal to those experienced by the full structure. To
determine the displacement response for an antisymmetric load case, the applied load must be
reduced by one-half and applied to both the symmetric model and the antisymmetric model. The
displacement results of these two models must be added together at each time step to determine
the displacement history of the full structure with antisymmetric loading.

The force in the FWD spring at any time, t, defined by Equation 5 is as follows:

F(t) = (2 g HMK)'12 sin Ot

By substituting Equation 2 the above equation becomes:

F(t) = v, (MK))' sin ct (13)

The force at any given time step is halved by simply substituting 1/2 v. for vo. The initial
downward velocity used in the finite element analysis for the 15.25-inch drop height was 54.3
in./sec.

Undamaged Pile Results. The finite element model was calibrated by changing the
stiffness properties of the deck and piles until the displacement results matched the measured
values from undamaged pile bent P and G as well as undamaged spans QR and QS. The pile
stiffnesses were calibrated by analyses of impact loads applied over the pile bent. After pile
stiffnesses were determined, the deck elements were calibrated by considering the impact load
applied at midspan. Figure 40 compares the maximum displacements of the calibrated finite
element model with the ILM results of pile bent G and P. The finite element results closely
matched the test results except for the region under the load. This is attributed to the compressed
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asphalt layer (asphalt temperature was over 100°F during the ILM tests), which was not
considered in the finite element analysis. Figure 41 compares the maximum displacement results
of the finite element model to the ILM results of midspans QR and RS. Again, close agreement
existed between the finite element and measured results.

Damaged Pile Results. Pile damage was modeled in the finite element analysis by
reducing the cross-sectional area of each pile at the center pile bent to match the physical damage
found in HB-4. The deck elements were not changed. The interior piles of bents L and U were
providing no support and were subjects of this study. The load was applied at the pile bent and
the area of the pile was reduced until the finite element displacements matched the experimental
results. The results compared favorably when the cross-sectional area of the pile was reduced
to approximately 10 percent of the original area. This was reasonable since the interior pile for
bents L and U was rotted through the entire cross section. Figures 42 and 43 compare the finite
element results with the ILM results of pile bents L and U for the east and west sides,
respectively. The results closely match the measured results for both the east and west sides
except for the compressed asphalt area under the load.

The influence of the damaged pile on the case of impact load applied at midspan was
examined by using the same damaged model. The load was applied at the center of the adjacent
span with no further parameter adjustment. Figures 44 and 45 compare these finite element
results with the ILM results of the spans adjacent to the damaged pile, LM and TU. The results
compare favorably for both of the east side tests shown in Figure 44 and for the west side LM
test.

Parameter Sensitivity Analysis

Pile Support. Using the same method as on the pier finite element model, a parameter
sensitivity analysis was performed to investigate the influence of pile deterioration on ILM
response. Three cases were considered. In the first case, the load point was located over the
pile bent at the usual position 1 foot from the center line and the cross-sectional area of an
interior pile was reduced in increments of 25 percent of the original area (100, 75, 50, 25, 0).
The second case applied the same procedure to the exterior pile. In the third case, the load point
was located directly over an interior pile and the area of that pile was reduced for each run.

Figure 46 shows the results of the case in which the area of the interior pile was reduced
and the load point was located 1 foot from the center line. The response in which the area of
the pile was reduced to 10 percent is also plotted. The graphs show that small changes in the
displacements occurred when the area of the pile was at least 25 percent of the original area.
This reflected the structure's capacity to redistribute the load. Larger changes occurred when
the area of the pile was reduced to 10 percent or the pile was eliminated (0 percent).

Figure 47 shows the results of the case in which the area of the exterior pile was reduced
and the load point was located 1 foot from the center line. The graphs show that only small
changes in the displacements occurred. It is questionable that these small differences could be
discerned in ILM testing under field conditions encountered at HB-4.
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Figure 40
Finite element and ILM results for undamaged pile bent.
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Figure 41
Finite element and ILM results for undamaged span.
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Figure 42
Finite element and ILM results for damaged pile, East side pile bent test.
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Figure 43
Finite element and ILM results for damaged pile, West side pile bent test.
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Figure 45
Finite element and ILM results for damaged pile, West side midspan test.
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Figure 44
Finite element and ILM results for damaged pile, East side midspan test.
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Figure 46
Results of sensitivity analysis, interior pile reduced,

load point at center.
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Results of sensitivity analysis, exterior pile reduced,

load point at center.
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Figure 48 shows the results of the case in which the area of the interior pile was reduced
and the load point was located directly over the pile. Again, small changes in the displacements
occurred when the area of the pile was at least 25 percent of the original and probably could not
be detected in field tests. An increase in displacements occurred only when the pile was
eliminated. Small changes are a reflection of the structure's ability to redistribute internal forces
in the vicinity of a damaged pile and also bridge deck stiffness. The loss of an internal pile
resulted in only a 20 percent increase in flexure in the deck elements above the missing pile.

Imperceptible changes in response occur due to pile loss when the impact load is applied
at midspan between pile bents. These changes could not usually be detected by the ILM process.

In applying the ILM procedure, test points over pile bents should be used to locate loss
of pile support. Midspan test points will not locate weak piles. Test points should be as close
as possible to pile supports. HB-4 can be surveyed along two lines passing midway between
exterior and interior lines. Response will be sensitive to weak piles on either side of the point
of impact load.

Deck Stiffness. The influence of reduced deck stiffness was investigated by reducing the
deck element thickness over one span in 25 percent increments from the undamaged deck
elements. Impact load was applied to the center line at the center pile bent in one case and to
the midspan point of an adjacent span in another case. Results are presented in Figures 49 and
50. Response of 75 percent deck stiffness would not be perceptible from that of an undamaged
deck by the ILM process. Midspan load points are best for detecting deck damage by the ILM
process. Only small response differences were noted in the load case applied over the pile bent.
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Figure 48
Results of sensitivity analysis, interior pile reduced, load

point directly over pile.
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Figure 49
Simulated ILM response with loss of deck thickness and

load applied over pile bent.
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Figure 50
ILM response with loss of deck thickness and load applied at

midspan between pile bents.
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SUMMARY AND CONCLUSIONS

The impact load method was presented as a means of assessing the condition of pier and
bridge structures. ILM tests were performed on a laboratory structure to investigate the
sensitivity of the method in detecting stiffness changes that correlate to damage in the reinforced
concrete deck. The method was successful in detecting the damage caused by overloading the
deck slab. ILM tests were then performed on a full-scale structure to investigate the sensitivity
of the method in detecting stiffness changes that correlate to pile deterioration. Again, the
method was successful in detecting pile bents that had deteriorated piles.

The results of the ILM tests on undamaged areas of each structure were used to calibrate
baseline finite element models. This calibration was performed by adjusting the elastic properties
of the elements until the finite element results agreed with the experimental results. The FWD
apparatus was represented in the finite element analysis by a single-degree-of-freedom (SDOF)
mass-spring model consisting of truss elements and nodal masses. This simplified the input while
still predicting accurate loads.

Two material models were evaluated in the finite element study: (1) an isotropic model
based on the gross concrete section, and (2) an orthotropic model based on the transformed
section in the two principle directions. The displaced shape of the orthotropic model matched
the experimental results much closer than that of the isotropic model. Thus, the orthotropic
model was used for both the pier and bridge analyses.

Using the baseline finite element models, damage sensitivity analyses were conducted.
These models provided insight on the methodology's ability to detect and locate damage. The
damage was represented by a reduction in the stiffness properties based on assumed section loss.
The sensitivity analysis of the pier indicated that damaged areas as small as 4 square feet can be
detected at distances up to 80 inches from the load point. The sensitivity analysis of the bridge
indicated that pile deterioration can only be detected when the cross-section loss of the pile
exceeds 75 percent. This reflected the redundancy inherent in this type of structure.

This study was limited to two specific cases. It is recommended that the research in this
area be expanded to include the effects of two-way action in concrete decks and the sensitivity
of other types of damage. It is also recommended that the effects of geometric parameters such
as span length and pile configuration be examined and deck thickness be examined in more
detail.

Finite elements will be further used to follow time-generated deterioration of the structure
by periodic refinement to reflect changing response. The models also serve as a basis for setting
load limits (rating) by setting thresholds for material deflection and/or stress values under service
loads. The ILM equipment may cost as much as $120K. A 400-foot deck can be surveyed in
1 day. Initial finite element model development should take about 2 work weeks. Refinement
and service load rating should require about 1 work month.

A pier condition assessment team can implement the ILM process by comparing the
measured response with a baseline response stored in the computer that controls the FWD. Field
operators can flag deviations for detailed inspection and further evaluation. For a given pier the
team can develop the baseline response from a calibrated finite element model or from the FWD
response on a known undamaged area. Finite element studies of the structure can help in
establishing limiting variations from the baseline. These limits may be refined by correlating
results to damage found by visual inspections. The finite element model of the actual structure
can then be used to determine internal moments and to set load limits. These load limits will
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be consistent with existing codes or design guidelines when the recommended load and material
response factors are used in the finite element analysis.
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